ABSTRACT: The adsorption of caesium ions on potassium copper nickel hexacyanoferratetll) (KCNF) was carried out under optimum conditions to ascertain whether such adsorption occurred via an ion-exchange process. The results show that the adsorption takes place by means of a pure caesium-potassium ionexchange reaction. Batch kinetic studies of the replacement of potassium ions on KCNF by caesium ions were carried out in aqueous solution at a pH value of 4.0 over the temperature range 293-333 K at a caesium ion concentration of 7.5 x 10-) molll. From the various thermodynamic quantities calculated, it was deduced that the ion-exchange process was endothermic.
INTRODUCTION
Inorganic ion-exchangers are well-established materials for the separation of metal ions on a laboratory scale as well as on an industrial scale because of their large surface area, microporous structure. high adsorption capacity. and radiation and heat stability (De and Sen 1978) . The rate factor in an ion-exchange process is of great practical importance for the economic and industrial employment of ion-exchangers. Due to the great importance of the ion-exchange rate in detennining the applicability of ion-exchange materials. a number of studies related to the kinetics and mechanisms of various organic and inorganic ion-exchangers have been reported by several workers (Rawat and Singh 1978; Varshney and Khan 1984) . The transition metal hexacyanoferrate(II) ion-exchangers. which are insoluble in aqueous solution. have been shown to be capable of withstanding high doses of y-irradiation and to exhibit structural stability at higher temperatures. These *Author to whom all correspondence should be addressed.
ion-exchangers also often exhibit rapid ion-exchange kinetics and for these various reasons have been employed in many applications in separation processes related to radioactive waste effluents (Hooper et al. 1984; Haas 1993) .
Adsorption studies of caesium ions from aqueous solution on to potassium copper nickel hexacyanoferrate(II) (KCNF) have been reported in previous work (Ishfaq et at. 1993) . This study indicated that the adsorption of caesium ions on to KCNF should be expected to proceed via an ion-exchange process. For this reason, it is necessary to establish the stoichiometry of the ionexchange process so that the kinetics of any potential Cs/K ion exchange on KCNF may be determined. Kinetic studies are very important in establishing the optimal recovery conditions in separation processes employing ion-exchangers. This paper summarizes the results of various experiments related to ion-exchange and kinetic studies of caesium ion adsorption on to KCNF and attempts to throw light on the mechanism involved.
EXPERIMENTAL

Reagents and instrumentation
Potassium copper nickel hexacyanoferrate(II) (KCNF) of composition KDCuo6sNiL7[Fe(CN\k 13H,O, having a density of 2.39 glml, a surface area of 106 m 2/g, a porosity of 6.5% and an ionexch-ange capacity of 2.25 mmol/g for caesium ions, was used as the adsorbent. The preparation and characterization of this material have been reported earlier (Ishfaq et al. 1992) . All other chemicals used were of AR grade and their solutions were prepared using redistilled deionized water.
The IYlCS tracer employed in the present study was prepared by irradiating Specpure caesium nitrate in a PARR-I research reactor of PINSTECH for 5 d at a thermal flux of 2 x 10 13 neutron! (em? s). After cooling the irradiated target for 1 week, it was dissolved in dilute nitric acid and its radionuclide purity checked by y-spectrometry employing a Canberra series 85 multichannel analyzer coupled with an HPGe detector.
Adsorption studies were carried out using a vibrating, temperature-controlled (± 1°C) Thermostirrer-IOO model BLK 235 (Gallenkamp, England) water bath. The gross y-activity of the sample was measured using a Ludlum spectrometer model 261 coupled with a well-type NaI(Tl) crystal and a single channel y-counter. All pH measurements were carried out using a glass electrode connected to a microprocessor and a Hanna instrument model 8417 pH meter.
Ion-exchange studies Accurately weighed 0.1 g amounts of KCNF of various mesh sizes were contacted with 10 ml of caesium nitrate solution of 7.5 x 10--3 molll concentration at a pH value of 4.0 contained in glass bottles which were subsequently stoppered. All such measurements were conducted in triplicate. The bottles were then attached to a flask shaker and shaken for a period of 2 h at a temperature of 20°C. After such shaking, the contents of the bottles were centrifuged for 3 min to effect phase separation, then filtered and the filtrate analyzed for its K, Cu, Ni and Fe content using atomic absorption spectrophotometry (Ishfaq et at. 1992) to enable the caesium form of KCNF (CsCNF) to be determined and thereby allow a comparison with the corresponding potassium form (KCNF).
The amount of caesium adsorbed on to the KCNF was evaluated radiometrically using a batch technique and employing a caesium ion concentration of 7.5 x 10-3 mol/l, In these experiments, a known volume (10 ml) of the solution spiked with 134CS radiotracer was shaken with 0.1 g KCNF in stoppered bottles for 2 h. Before shaking, the bottles were placed in a thermostat bath for I h to achieve a particular temperature. The gross y-activities of the initial and equilibrated solutions (I ml each) were assayed and the amount of caesium ions adsorbed computed using the equation: A known volume (200 ml) of a caesium ion solution of a given concentration at a pH of 4.0 containing a suitable amount of radiotracer was transferred to a 400 ml flask which was maintained at a particular temperature in a thermostatic bath. The solution was stirred until thermal equilibrium had been attained. A known weight of KCNF (0.1 g) was then introduced into the flask and the mixture stirred at constant speed for a known period of time. The kinetics of the caesium ion adsorption process were followed by pipetting 2 ml of the solution at known time intervals and measuring its gross y-activity. Such experiments were conducted for two different caesium ion concentrations, i.e. 7.5 x 10-7 molll and 7.5 x 10-3 mol/l, and for four different KCNF grain sizes within the range 0.60-0.075 mm. Kinetic data were measured at various temperatures and regression analysis was applied to evaluate the linear plots obtained.
RESULTS AND DISCUSSION
Optimization studies to establish the proper conditions for measuring the experimental variables for the adsorption of caesium ions on to KCNF via batch experiments have shown that the equilibration time was ca. 2 h over the pH range 2-12 (Ishfaq et al. 1992) . Other studies (lshfaq et al. 1997) have indicated that such adsorption is most likely to proceed via an ion-exchange process involving the replacement of the K+ ion in KCNF by the Cs" ion, thereby forming a more stable complex. This has been confirmed in the present work by measuring the amounts of potassium, copper, nickel and iron ions in the solution after the adsorption of caesium ions on to KCNF under optimum conditions. The corresponding data for various particle sizes of KCNF are listed in Table 1 .
Such data demonstrate that the amount of caesium ions adsorbed by KCNF corresponded virtually to the amount of potassium ions released. Furthermore, the amounts of copper, nickel and iron ions released from KCNF after such adsorption were very small, thereby negating the possibility of any corresponding Cs/Cu, Cs/Ni or CslFe exchange reactions. Hence, the adsorption of caesium ions on to KCNF occurs through a pure Cs/K ion-exchange reaction. However, the mechanisms whereby ferrocyanide solids remove caesium ions from solution are complex and depend both on Zn 2+ or C02+ ions, the amounts of these ions are either small or much less than that of Cs" ions adsorbed. The data in Table 1 also show that, in the case of~Fuo65NiIJFe(CN)6k13HP, the amount of caesium ions adsorbed and the amounts of potassium, copper, nickel and iron released are similar for the various particle sizes of KCNF studied. This further suggests the involvement of a pure ion-exchange process with this particular solid. The KCNF was then saturated with caesium ions in order to prepare its caesium form (CsCNF), this form being analyzed by absorption spectrophotometric methods to give the results listed in Table 2 . The chemical composition of CsCNF as calculated from the data in this table was found to be KooRCs223CuoMNil72[Fe(CN)6]z·13HP, i.e. very similar to that reported for KCNF, which further confirms the involvement of a pure ion-exchange process. The exchange of caesium ions on KCNF may be expressed as a reversible process involving equilibrium between the two phases involved: (2) where k, and k, are the rate constants for the forward and back exchange processes, respectively. The overall rate constant, k, for the-exchange process is given by the following expression (Hasany and Saeed 1992):
where C, is the equilibrium concentration of caesium ions in KCNF, C. is the equilibrium concentration of caesium ions in solution and K, is the equilibrium constant. IfF is the fractional attainment of exchange at equilibrium, then (6) where Co is the initial concentration of caesium ions in the solution. Substituting the values of C e and C, in equation (4), K c then becomes:
Equation (7) demonstrates that the equilibrium constant is independent of the amount of exchanger employed and of the volume of the solution. In the present studies, the equilibrium constant, K c ' has been determined as a function of the temperature over the range 293-333 K. For such determination, the concentration of the caesium ions in solution, the shaking time, the VIM ratio and the pH were kept at values of 7.5 x 10-3 mol/l, 120 min, 100 ml/g and 4.0, respectively. The values of K c ' as calculated using equation (7) for .data obtained at different temperatures, are listed in Table 3 . It will be seen from Table 3 that the values of K c increased with temperature, indicating increasing adsorbate-adsorbent interaction at higher temperatures. The effect of temperature on the ion exchange of caesium ions on to KCNF may be examined further by the use of the thermodynamic expression:
from which the value of MI may be obtained by plotting In K c versus Iff. Similarly, the free energy change for specific adsorption.~G. may be calculated from the expression:
and the entropy change,~S. from the expression:
A plot of In K c versus Iff is depicted in Figure 1 and illustrates that this is linear. The values of the various thermodynamic parameters as calculated from the equations 'given above are listed in Table 4 , where the positive value observedJor~H indicates that the ion exchange of caesium ions on KCNF is an endothermic process. Such a positive value for MI, coupled with the decrease in the value of -~G with decreasing temperature. shows that the reaction is more favourable at higher temperatures. The endothermic behaviour may be attributed to the dehydration of the solvated metal ions. with the energy necessary for dehydration exceeding the endothermicity associated with the attachment of the metal ions to the KCNF surface (Qadeer et at. 1993; Shaw 1980) . The negative values of the free energy change,~G, indicate that the process is spontaneous with a high preference for the attachment of caesium ions to the KCNF surface. 
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The mechanism for the kinetics of the caesium ion-exchange process on KCNF may be either a film diffusion process which involves diffusion of the caesium ion in a liquid film at the surface of a KCNF particle or particle diffusion which involves diffusion of the caesium ion within the KCNF particle itself. Alternatively, the process may occur through fixation of the caesium ion at a site on the KCNF particle, in which the kinetics would be related to the mass transfer properties.
Initial investigations on the exchange of caesium ions at a pH value of 4.0 indicated that the kinetics were controlled by a film diffusion process at lower caesium ion concentrations. For this reason. a caesium ion concentration of 7.5 x 10-7 mol/l was used for these studies. To study the particle 'diffusion model, which appears to occur at higher caesium ion concentrations, a caesium ion concentration of 7.5 x 10-3 mol/l was employed. A number of experiments were performed at the lower caesium ion concentration to investigate the effect of particle size and temperature on the exchange rate of the caesium ion. Thus. a kinetic study was conducted at 293 K employing a fixed amount of KCNF (0.1 g) and particles in the size range 0.6-0.075 mm to study the adsorption profile. The kinetic data obtained were fitted to the following equation derived from the film diffusion model (Boyd et at. 1947) :
where F is the so-called 'achievement' factor of the reaction, i.e. the ratio of caesium ions retained at a time t to the quantity retained in the solution at equilibrium. The quantities Rand t represent a constant and the time of contact between the solid and the solution, respectively. The magnitude of R is given by the expression: (12) which correlates R with the radius. r. of the exchanger particles, the solution volume, V o ' the volume of the solid phase, V. the film thickness, 0, and the diffusion coefficient, D, of the incoming ions.
A graphical correlation between In[I -F(t)] and t for the exchange of caesium ions on KCNF for various particle sizes at 293 K is illustrated in Figure 2 . The linear plots obtained confirm the existence of a film diffusion model at the caesium ion concentration employed in the studies. The values of the various parameters related to the liquid film diffusion model may be calculated from the slopes of these plots. In the present studies, a value of 10-5 m has been assumed for the liquid film thickness in a well-stirred solution in order to calculate the film diffusion coefficient (Lee and Streat 1983a). The corresponding parameters thus calculated are listed in Table 5 where obtained demonstrate that the values of the diffusion coefficient, D, are virtually similar irrespective of the particle size of KCNF employed. For a caesium nitrate solution of concentration 7.5 x 10-7 molll at 293 K, the average value of the film diffusion coefficient for the caesium ion on KCNF was found to be equal to 1.307 x 10-9 m 2/s. This compares well with the film diffusion coefficient for the caesium ion on potassium copper ferrocyanide at 293 K which has been reported as being 1.465 x 10-9 m 2/s for a caesium ion concentration of 3.8 x 10-{} molll (Lee and Streat 1983a) and for the diffusion coefficient of caesium nitrate at 298 K for which a value of 1.907 x 10-9 m 2/s has been reported (Hamed and Shropshire 1958). The rate of caesium ion exchange on KCNF was also investigated for particle sizes in the range 0.25-0.15 mm at four different temperatures in the range 293-353 K. Equation (11) was then used to fit the experimental ion-exchange data obtained in order to confirm the applicability of the liquid film diffusion process. Figure 3 shows the linear relationships observed at these various temperatures, the corresponding film diffusion coefficients being obtained from the negative slopes of the plots. The values of the film diffusion model parameters obtained over the range of temperatures studied for the ion exchange of caesium on to KCNF are listed in Table 6 , from which it will be seen that the diffusion coefficient increased with increasing temperature which again confirms that the process occurred more readily at higher temperatures. The kinetic data were also used to calculate the activation energy, E a , for the process from the following Arrhenius relationship:
InD=lnDo-E/RT (13) The resulting plot of In 0 versus Iff is depicted in Figure 4 , the slope of the linear plot obtained leading to a value for the activation energy of 19.3 kJ/mol. This is within the range of values expected for an ion-exchange process involving a film diffusion model (12.5-25.0 kJ/mol) (Helfferich 1962) , thereby confirming once more the assumption of such a process at the caesium ion concentration employed.
A number of experiments were also performed to determine the effect of particle size and temperature on the rate of caesium ion adsorption in the presence of a high caesium ion concentration, viz. 7.5 x 10-.
1 mol/l. The particle size range employed was 0.60-0.075 mm for a temperature range of 293-333 K. The resulting experimental data were then used to verify the particle diffusion model as described by Boyd et al. (1947) on the basis of the equations: 
10 3 /T (K-l) and (15) where n is an integer and D; is the particle diffusion coefficient of the exchanging ion. If Bt is plotted against t, this should lead to a straight line passing through the origin from whose slope the value of B may be obtained. Equation (15) may then be employed to calculate the value of the particle diffusion coefficient, Dr Since Bt is a mathematical function of F, the values of Bt corresponding to each value of F may beobtained from a table prepared by Reichenberg (1953) . Plots of Bt versus t for the exchange of caesium ions on KCNF determined at a caesium ion concentration of 7.5 x 10-3 rnol/l using the corresponding data are depicted in Figure 5 . It will be noted that the straight lines obtained do not pass through the origin as expected and, for this reason, particle diffusion may not be the only mechanism involved in the exchange of caesium ions on to KCNF under the experimental conditions employed. It is possible that the mechanism for caesium ion fixation on a site in a given particle could link the rate coefficient with the mass transfer properties. Such an approach postulates that the rate would be proportional to the distance in time from the equilibrium position. A number of mathematical models have been proposed for describing such a situation, one of which is the shell progressive model which expresses the controlled kinetics of a chemical reaction at a moving interface (Levenspiel 1972; Dana and Wheelock 1974) . The corresponding equations for the fast chemical reaction model of the shell progressive type may be written as: The applicability of the fast chemical reaction model was also checked by fitting the ion-exchange data for caesium ions on KCNF (Table 7) to the following Arrhenius relationship:
In(slope) =constant -E/RT (18) Figure 7 demonstrates that when In(slope) was plotted against Iff. a straight line was obtained with a correlation coefficient of 0.99. From the slope of this line, the activation energy for the Cs/K ion exchange on KCNF at higher caesium ion concentrations (7.5 x 10-3 molll) was calculated as 68.5 kllmol which corresponds to the range of activation energies expected from the fast chemical reaction model (Lee and Streat 1983a,b; Marinsky and Marcus 1977) .
The rates of caesium ion exchange can vary with the composition of the insoluble ferrocyanides present in the system. These differences result from differences in the removal mechanism involved. In general, the sorption of caesium ions was rapid and occurred via an ion-exchange mechanism when the ferrocyanides contained K+, Na', H+ or NH; ions but was much slower for compositions of the type Mle(CN\ because of the involvement of complex mechanisms leading to the release of M2+ ions. High kinetic rates have been reported for the sorption of Cs", Ag" and Pd 2 + ions in trace amounts on to ferrocyanides, but the rates for large amounts varied both with the composition of the ferrocyanides employed and the nature of the cation sorbed (Loos-Neskovic et al. 1990 ).
